The observations of anisotropy above 57 EeV and of a suppression of flux above 40 EeV are supportive of two long held hypotheses: (1) the ultra-high energy cosmic ray (UHECR) sources are extragalactic, and (2) the Greisen-Zatsepin-Kuz'min effect is operational. If these hypotheses are true, we should expect that the flux of UHECR from the few brightest sources comprises a large fraction of the total flux. In fact, it is likely that groups of two or more events that are associated with a single source have already been observed. Such groups of events will cluster at an angular scales, the apparent angular size of the brightest UHECR sources. This implies that the value ofs is embedded within the autocorrelation spectrum of event directions. An indication ofs in a certain energy range can be used to infer limits on the particle charge and intervening magnetic fields, both of which are not well constrained. This is possible sinces is similar in scale to the average magnetic deflection. In this work, we describe a method for obtaining an indication ofs in the energy range E > 57 EeV. A metric m, which indicates whether structure in the arrival directions extends to small angular scales, is defined. Then, Monte Carlo simulations are used to estimate the expected range of m for two different scenarios, s = 2.5 • ands = 10 • . The results of the simulations are not strongly dependent on input parameters that are poorly constrained, such as the spatial distribution of sources. We show that m differentiates between the two scenarios for a data set that contains 92 events above energy E > 57 EeV. Such a data set will be available from the Pierre Auger Observatory in late 2010 or early 2011. We discuss the implications of different values of m being observed in the near future and the corresponding limits on the value ofs, the particle charge, and intervening magnetic fields.
Introduction
The latest results from the Pierre Auger Collaboration offer some important clues regarding the sources of cosmic rays (CR) with ultra-high energy. The observed flux suppression above approximately 40 EeV [1, 2] and anisotropy above 57 EeV [3, 4] are consistent with two long held hypotheses: (1) the ultra-high energy CR sources are extragalactic, and (2) the Greisen-Zatsepin-Kuz'min (GZK) energy loss processes are occurring. If these hypotheses are true, the single brightest CR source in the sky is expected to contribute a large fraction of the total flux. In the energy range E > E th = 57 EeV, the relative flux of the brightest CR source is expected to be near the 10% level [5, 6] .
The Pierre Auger Observatory has measured approximately 60 CR over 57 EeV. Therefore, it is likely that the data set from this observatory already contains groups of CR events that were accelerated in a common source. The events in each of these groups will cluster on an angular scales, the apparent angular size of the brightest CR sources. This implies that the value ofs is embedded within the autocorrelation spectrum of the arrival directions, and that an indication of its value is currently possible. An indication ofs is an important step toward charge particle astronomy, i.e., the measurement of astronomical objects with CR messenger particles.
In this work, we define the angular size of a CR source as the angular extend over which CR from the source arrive. The angular size s is the radius that contains 95% of the source flux. This definition assumes that the aspect ratio of the source is close to JHEP00 (2007)000 unity. If the measured flux density (particles per solid angle) is described by a Gaussian distribution dn/dΩ = A exp (−x 2 /2a 2 ), where x is the angular distance from the center of the distribution, then 2.0a 0 dn = 0.95, and the angular size of the source is s = 2.0a.
A source that appears point-like, s ≈ 0, when imaged with neutral particles (i.e., conventional photonic astronomy) will generally appear as an extended object when imaged with charged particles, s >> 0. The difference has nothing to do with the size of the emitting region. Rather, it is due to how CR are deflected by magnetic fields en route to earth. For a given energy range the value ofs contains information on the CR charge and intervening magnetic fields. In general,s is similar in scale to the average magnetic deflection of CR from the brightest sources. This suggests the following analysis chain, which we detail in this paper. The observed small scale clustering properties of ultra-high energy CR are used to constrain the physical parameters. Thens is used to constrain the parameter space that describes the allowed distribution of particle charge and the allowed structure of the intervening magnetic fields.
This paper is organized as follows. In section 2, we discuss the expected range ofs and how its value depends on the particle charge and the intervening magnetic fields. Then in section 3, we predict, via Monte Carlo simulation, the small scale clustering properties of ultra-high energy CR under two different plausible assumptions for the value ofs. The small scale clustering properties are quantified with a metric m. In section 4, we discuss how different observed values of m constrain the value ofs and, in turn, the particle charge and intervening magnetic fields.
Source size as a function of particle charge and intervening magnetic fields
Throughout this work, we only consider CR observed in the energy range E > E th = 57 EeV. In this energy range, the spectral slope of the diffuse background is γ ≈ 5 [1, 2] . If the observed steepening of the energy spectrum beyond approximately 40 EeV is caused by the GZK effect, then we should expect relatively nearby sources to have a flatter spectrum than the diffuse background. For this reason, we assume the energy spectrum of the brightest sources is dn/dE ∝ E −γ with γ = 3. We treat all CR as having the same charge Z. Many details of the intervening magnetic fields are not well known. For the treatment here, we use a model that contains only the most well established structural details. (The model is necessarily simplistic.) From this, we obtain an expected value ofs. Then, we discuss the uncertainties of our simple model and how they affect the expected value ofs.
A simple model for the magnetic deflection of CR
We start by assuming that deflections in the galactic magnetic field are dominant over deflections in the extragalactic magnetic fields. The galactic magnetic field is commonly described as the superposition of a regular component and a turbulent component. The regular component is known to follow the spiral structure of the galaxy and to have a magnitude of B ≈ 2 µG near the solar system [7, 8, 9, 10] . For ultra-high energy CR
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arriving at earth, the average path length L through the field is on the order of a few kiloparsecs. The value of L depends on the galactic latitude of the source and extent of the magnetic field out of the galactic plane. A CR in the regular field is deflected by an angle
For the regular field, the correlation length G r ≈ L. Therefore, it is reasonable to approximate the regular field as perfectly uniform. For the case that there is no turbulent component, the image of a point source is a line segment on the celestial sphere with one end at the source location. The distribution of arrival directions along the line segment as a function of distance from the source is given by
The turbulent field is thought to originate from supernova and their remnants, which transfer energy to the interstellar medium on scales of several tens of parsecs. The characteristic correlation length of the turbulent field is L c ≈ 50 pc, and its rms magnitude B rms is approximately twice that of the regular field [10, 11] . The rms deflection for a CR in a turbulent field is δ rms = 0.6
where G t is the characteristic correlation length of the turbulent component. For CR with low enough magnetic rigidity E/Z such that G/L < δ radians, many independent paths through the magnetized region will connect a source and an observer. This is known as magnetic lensing [12] . For our model, the lensing threshold for the regular component is E/Z ≈ 10 EeV, while for the turbulent component it is E/Z ≈ 100 EeV. From our starting assumptions, the minimum magnetic rigidity of the CR is E/Z = 57 EeV. This magnetic rigidity is within the lensing region for the turbulent field, but not the regular field. Because the assumed particle energy distribution is a steeply falling power-law with nearly all the CR with E/Z ≈ 70 EeV, we treat all CR as being lensed by the turbulent component.
In our model G t << L, which implies that lensing by the turbulent component can be characterized as a diffusive process. We approximate the effects of the turbulent component with a Gaussian point spread function exp(x 2 /2δ 2 rms ), where x is the angular distance from the source direction. For the case that there is no regular component, the image of a point source is a circular cloud centered on the source location.
If we consider the superposition of the regular and turbulent components, we expect that a CR source will appear like an oblong cloud. In Fig. 1 , we show the expected arrival direction distribution for our model with B = 2µG, B rms = 4µG, L = 3 kpc, G t = 50 pc, and Z = 1.
The shading represents relative intensity in five equally spaced logarithmic intervals. The mean of the distribution is shown with a cross. The source location is shown with an x. The angular separation between the source location and the mean of the distribution is Based on our simple model and assuming Z = 1, it is plausible thats = 2.5 • . This is a factor of 3 or 4 greater than the typical angular resolution of an ultra-high energy CR observatory [13, 14] . In the range that our magnetic lensing assumptions are valid, a good approximation iss ∝ BB rms LZ
The plausible range ofs
The estimate ofs given in the last section is relatively uncertain. The uncertainty comes from several areas. First, uncertainties in the structure of the galactic magnetic field (e.g., Ref. [8] ) and the latitude of the brightest sources amount to uncertainties ons of about a factor of 2.
Second, the extragalactic magnetic fields are not well constrained. It has been shown [15] that filaments associated with the large scale structure may harbor nG magnetic fields with correlation lengths on the order of 1 Mpc. These structures have characteristic sizes measured in Mpc and would effectively scatter 60 EeV protons. CR from a source within or behind a filament may be diffused over several degrees on the sky.
Third, the charge of the particle is unknown. Presently, this consideration is particularly interesting. The latest composition results from the Pierre Auger Observatory [16] may indicate that heavy nuclei such as iron (Z = 26) are common at the highest energies. This indication is not certain because it is not currently possible to decouple ultra-high energy composition measurements from the phenomenology of high energy particle physics. The compatibility of iron with the observed anisotropy [3, 4] seems to be only possible if
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there are few bright sources at high galactic latitude, the galactic magnetic field is confined to the thin disk, and the extragalactic magnetic fields are negligible. Even if this is the case, we must expects > 10 • . If the particles are not heavy nuclei, it could be that extensive air showers initiated by ultra-high energy protons develop more like what it expected of showers initiated by iron. Either result is intriguing.
The above considerations indicate that the true value ofs may be near 1 • or many tens of degrees. The value ofs is very much an open question.
Small scale clustering as a function of source size
Our method uses a small scale clustering metric m to differentiate between different values ofs. We use a Monte Carlo algorithm to predict the range of m for two source size scenarios: (1) Small source,s = 2.5 • , and (2) Large source,s = 10 • . The small source scenario represents a situation where Z = 1, the galactic magnetic fields are mainly confined to the thin disk, and the extragalactic fields are negligible. The large source scenario represents a situation with Z > 1 and/or the magnetic deflections in the galactic halo and the intergalactic medium are significant.
The Monte Carlo algorithm generates sets of events with an assumed value fors and calculates an expected range of m. By comparing the value of m from an observed data set to the expected ranges of m obtained from the Monte Carlo calculations, we can determine which source size scenario is favored. The small scale clustering metric m, the models used to generate the simulated event sets, the Monte Carlo algorithm, and the results of the algorithm are described in the following sections.
The Small scale clustering metric
To indicate the level of clustering at an angular scale χ, we calculate the number of pairs with angular separation less than χ weighted by the inverse of their angular separation and by 1/χ
where β ij is the angular separation between event i and j, Θ is the step function, and n is the number of events. The motivation to weight each pair by the inverse of its angular separation comes from the fact that for an isotropic distribution of events, the expected number of event pairs with a angular separation β is dn p /dβ ∝ β. This is valid for small β. We weight M by 1/χ so that M (x) ≈ M (y) for an isotropic distribution of events, where x and y are any small angle. The metric we use to differentiate between the small and large source size scenarios is then
Ifs ≥ 10 • , we expect m ≈ 1. Ifs < 10 • , we expect m > 1. Ifs < 2.5 • , we expect m ≈ 10 • /2.5 • = 4. In this way, m indicates whether structure in the arrival directions of cosmic rays extends to small angular scales.
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If n is too small, there is a possibility of m = 0/0, which is undefined. We work with events sets where n is large enough for this not to be a concern.
The model for the distribution of sources
We simulate N = ρ/V sources, where ρ is the number density of sources and V is the volume of space considered in the simulation. We assume the sources are associated with large galaxies, galaxies near the knee of the luminosity function, yet not all large galaxies need contain an active source. This choice is motivated by the fact that most stars and super massive black holes (i.e., potential energy sources for particle acceleration) are contained within large galaxies.
The distribution of nearby sources is constructed from the PSCz Catalog [17] . The PSCz catalog contains over 15,000 galaxies measured by the Infrared Astronomical Satellite (IRAS) across 84% of the sky. To translate redshift z (radial velocity) into distance, we use Hubbles's law d = cz/H 0 where c is the speed of light and H 0 = 71 (km/s)/Mpc. The PSCz catalog is flux limited, not volume or luminosity limited. Therefore, the number density of sources decreases with distance. The expected number density of a source catalog in the absence of clustering is termed the selection function φ(d). For the PSCz catalog, the selection function is well determined [17] . To form a distribution with an average source density ρ, we weight each galaxy in the catalog by ρ/φ(d).
In Fig. 3 , we show with a dotted line the number density relative to ρ after this weighting is applied. There are regions of over-density and under-density, signifying the presence of clusters and voids. In particular, the local density of galaxies is greater than the average, signifying the Milky Way's association with the Virgo super cluster and the local group. At large distances, a large volume of space is averaged over so the number density of galaxies is necessarily near the average.
The local over-density of potential sources is an important input parameter to our simulations if the actual number density of sources is relatively high (i.e., ρ ≥ 10 −3 Mpc −3 ).
For example, a high local over-density means a greater probability for a few nearby (and thereby bright) sources. These nearby sources may contribute a significant fraction of the flux even though the total number of sources within the GZK sphere may be relatively large. The distribution of nearby large galaxies is known quite well. Accurate distance estimates are available that do not depend on recessional velocity, and so are not affected by local fluctuations from the average Hubble flow. From Ref. [18] there are 30 large galaxies (i.e., with an absolute blue magnitude M B < −19.5) that are within 8 Mpc. The density of galaxies with M B < −19.5 averaged over a large volume is approximately 6 × 10 −3 Mpc (e.g., see Ref. [19] ). This implies the number of large galaxies within 8 Mpc is 2 times greater than average. This is in good agreement with the PSCz catalog weighted by ρ/φ(d).
However, the number density of large galaxies at smaller radii is underestimated by this model. For example, there are nine large galaxies that are within 4 Mpc [18] . This is approximately 6 times greater than the global average. Furthermore, the number of large galaxies within 2 Mpc is 10 times greater than average. We list the details of large galaxies that are within 4 Mpc in Table 1 . Table 1 : List of large galaxies within 4 Mpc. Absolute blue magnitude and distance are taken from Ref. [18] . Here cep = distance from the luminosity of Cepheids, rgb = distance from the luminosity of the tip of the red giant branch, men = distance from group membership, tf = distance from the Tully-Fisher relation.
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If we weight the PSCz only by ρ/φ(d), the local over-density of large galaxies is under estimated by a factor of about 2.5. This is because the PSCz samples mainly small (low luminosity) galaxies at small distances and the local region has a higher ratio of large galaxies to small galaxies than the average. To include this observation into our model in In Fig. 3 , we show with a solid line the number density for the PSCz catalog weighted by ψρ/φ. Beyond 60 Mpc, the number density of the PSCz catalog rapidly drops below that of large galaxies. Our model for the distribution of sources, therefore, follows the PSCz catalog weighted by ψρ/φ out to a distance of 60 Mpc. For distances greater than 60 Mpc, we assume the sources are evenly distributed (i.e., every location has equal probability of containing a source). This is a valid approximation since the characteristic size of super clusters is a few tens of Mpc.
The validity of this model rests on the assumption that the sources are distributed in proportion to the number density of large galaxies. Although this assumption is well motivated, it is not hard to imagine other scenarios. For example, if the sources are hypernova, we should expect the sources to be distributed in proportion to the massive star formation rate. It is not clear how closely correlated this is with the number density of large galaxies. To test the sensitivity of our results to the source distribution model, we also test a model where the sources are distributed evenly throughout the whole test volume.
Other models used in the Monte Carlo algorithm
To calculate energy losses associated with CR propagation, we assume that the particles are protons. We take into account energy losses due to inelastic interactions with background radiation fields (the GZK effect). We do not consider energy losses due to the expansion of the universe. For the source distances in our simulation, these redshift losses are negligible.
We model the flux from a source as q = AL/4πd 2 , where A is the GZK attenuation factor, L is the source luminosity, and d is the source distance. The GZK attenuation factor is calculated, as in Ref. [20] , as the fraction of particles originally above E th that still have an energy above E th after traversing a distance x. For a source with a proton injection spectrum dn/dE ∝ E −α , the attenuation factor is A(E th , x) = ((E th + ∆E)/E th ) 1−α , where ∆E is the average energy loss of a proton traversing a distance x. The energy loss ∆E is calculated by solving dE/dx = −E/λ, where λ is the proton energy loss length in the extragalactic medium (e.g., see [21] ). This is the so-called continuous energy loss approximation. As suggested by Ref. [22] , we assume α = 2.6.
We describe the source luminosity distribution with a differential luminosity function φ = dN/dL. The luminosity function is totally unconstrained. Therefore, we consider the simplest case, that all the sources have the same luminosity; i.e., φ = δ(L 0 − L). This is not a realistic luminosity function, but it represents an important limit. It is the luminosity function that proportions the flux the most evenly among the sources. In our simulations, a very similar effect occurs when the source number density is increased. Since we test a wide range of source number densities, there is no need to test a wide range of luminosity function models.
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The angular size of a source is modeled as a 2-D Gaussian. That is, the expected event distribution from a source is dn/dΩ ∝ exp (−2x 2 /s 2 ), where x is the angular distance from the source direction. We assume that every source has the same characteristic size. We also assume that the centroid of the flux density distribution is centered at the source location. In reality, the centroid would be offset from the source location because of the regular component of the galactic magnetic field. This approximation does not introduce a bias since we only require the PSCz catalog to model the general clustering behavior of the sources, not the absolute locations of the sources.
The expected event distribution is weighted by the sky exposure for a particular CR observatory. The details of the sky exposure have little impact on our results. Here we suppose the most general case, an observatory with equal exposure to all parts of the sky.
The Monte Carlo algorithm
The number density of ultra-high energy sources is not known. The lack of an apparent source in our galaxy implies ρ < 6 × 10 −3 Mpc −3 , the approximate number density of large galaxies. The existence of CR events with energy greater than 10 20 EeV and the GZK effect imply ρ ≥ 10 −6 Mpc −3 , the number density where we expect at least a few sources within 100 Mpc. We test four values of ρ, logarithmically spaced within this range of density. Our test volume is a sphere centered at earth with radius D, the distance that nearly all CR with energy above E th are expected to originate within. The value of D is calculated as in Ref. [5, 20] . For E th = 57 EeV, we use D = 250 Mpc. We have checked that increasing D does not change the results of the Monte Carlo algorithm.
To generate a single event data set, we randomly disperse N = ρ4πD 3 /3 sources throughout the test volume according to one of the distribution models described in section 3.2. We calculate the expected distribution of events from each source using either the small source size scenario or the large source size scenario. These distributions are weighted by the source flux and sky exposure. The expected distribution of events from all sources is then the sum of the individual distributions from each source. From this distribution, we randomly generate n = 92 events. This value of n corresponds to the number of events with E > 57 EeV expected to be measured by the Pierre Auger Observatory at its fully deployed southern site over a four year time span. This number of events will probably be reached in late 2010 or early 2011. In Fig. 4 , we show a Monte Carlo realization for the small source scenario, and in Fig. 5 , we show a Monte Carlo realization for the large source scenario.
After a simulated event set is generated, the value of m is calculated with Eq. 3.1. We calculate the expected range of m by running 1000 Monte Carlo simulations. This process is repeated for different values of ρ ands.
Results
In Fig. 6 , we show the expected values of m as a function of source density. We show the results for the two source size scenarios and the two source distribution models. The error bars represent the 10-90% quantiles for the distribution of m.
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Figure 4: The expected arrival direction distribution for a single Monte Carlo realization assuming that the CR sources are associated with large galaxies and thats = 2.5
• and ρ = 10 −4 Mpc −3 . The figure is in galactic coordinates. The blue shading represents the relative probability of a CR arriving from a certain sky direction, darker corresponding to a higher probability. There are 5 levels of shading, equally spaced on a logarithmic scale. The dotted line marks the location of the super galactic plane. The red crosses are 92 event directions, randomly pulled from this distribution. For this set of events directions, m = 2.9. The expected value of m for the small source scenario is near 3, while the expected value of m for the large source scenario is near 1. The only situation where the ranges of m for the two source size scenarios substantially overlap is where the sources are modeled as being evenly distributed with a number density of 10 −3 Mpc 
Discussion and Conclusions
The expected value of m is not a strong function of source number density. This is an important benefit since the source number density is not well constrained. In contrast, the numerator and denominator of m (i.e., M (2.5 • ) and M (10 • ), respectively) are both strong functions of the source number density.
The differences between the large galaxy source model and the evenly distributed source model are not significant for source number densities ρ ≤ 10 −4 Mpc 3 . At higher source number densities, the nearest sources are expected to be within 10 Mpc. Thus, the assumed local over-density of sources becomes important in this density range. The large galaxy source model predicts a larger value of m since there is a greater probability in this model for a few nearby (and thereby bright) sources to contribute a large fraction of the flux, even though the total number of sources may be relatively high. With regard to the observed value of m, there are two regions to consider. Here, we describe the regions for a data set with n = 92. The first region is where m > 1.6. If the observed value of m falls within this region,s < 10 • is favored. This signifies that the particles are not heavy nuclei like iron (Z = 26) and that magnetic bending in the galactic halo and in the intergalactic medium is not substantially greater than in the thin disk.
The second region is where m < 1.6 (m < 0.90 for the evenly distributed source model). If the observed value of m falls within this region,s > 2.5 • is favored. If m << 1.6, then s >> 2.5 • is plausible. There are a large number of physical scenarios that are compatible with this situation. For example, perhaps Z > 1 or perhaps magnetic bending in the galactic halo and intergalactic medium are substantially greater than in the thin disk.
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It is interesting that limits ons (and, in turn, Z and the intervening magnetic fields) can be obtained even before the first CR source becomes apparent. Consider the following example. For a data set of 92 events drawn from a isotropic distribution, M (2.5 • ) ≈ 1.0 degree −2 . This value of M (2.5 • ) is equivalent to having 2 pairs with an angular separation of 0.8 • . For a data set of 92 events where we observe 6 pairs (e.g., either six isolated pairs, two triples, or one quadruple) with an angular separation of 0.8 • and the clustering at higher angular scales is equivalent to the isotropic expectation, m = 2. This value of m is firmly in the small source size region. We should be attentive to what the data is telling us regarding the value ofs.
To summarize, we have described a method that gives an indication of the apparent angular size of CR sources. The method can differentiate between a small source size (s = 2.5 • ) and a large source size (s = 10 • ) with a data set containing 92 events with energy E > 57 EeV. Such an analysis will be possible in the near future. The method is not sensitive to input parameters that are not well constrained, e.g. the spatial distribution of sources and the source luminosity function. An indication of the apparent angular size of CR sources can be used to set limits on the particle charge Z and the intervening magnetic fields, both of which are not well constrained by other methods.
